Initially, inhalation of infectious aerosol delivers Mycobacterium tuberculosis ( Mtb ) into the distal airways of the lung, where it infects alveolar macrophages. The macrophage engulfs the bacilli using phagocytic receptors, of which the complement and mannose receptors are the most important. 1,2 Virulent Mtb survives in macrophages by preventing acidification of the phagosomal compartment and by impairing the fusion of the phagosome with lysosomes. 3 Thus, Mtb adapts to the intracellular environment of the macrophage and creates a niche for itself.
The manner by which the macrophage responds following infection by Mtb makes a crucial contribution to the host immune response and the outcome of infection. Three major outcomes are observed following productive Mtb infection of human or murine macrophages in vitro : (i) necrosis, a form of death characterized by plasma membrane disruption; (ii) apoptosis, a form of death in which plasma membrane integrity is preserved; and (iii) survival of infected macrophages.
Characterization of these three different phenotypes is challenging because of the asynchronous nature of intracellular infection and proposed heterogeneity among bacteria and macrophages. Other factors such as the percentage of infected macrophages and variation in the number of bacteria internalized by each macrophage can also affect the kinetics of cell death when studied in vitro . Nevertheless, a spectrum of all three phenotypes can be observed following infection of macrophages with virulent Mtb . Although highly virulent Mtb strains predominantly induce necrosis, 4 apoptosis is also detected among macrophages infected with virulent Mtb ( Figure 1 ). Whereas apoptosis enables control of bacterial replication, virulent Mtb strains inhibit the completion of apoptosis, a virulence mechanism used by the pathogen to foil host defenses, and results in necrosis and ongoing infection of the surrounding macrophages. 4 The different cellular fates of Mtb -infected macrophages are of great interest as the death modality influences the outcome of infection. In particular, apoptotic death reduces the viabi lity of different mycobacterial species, 5, 6 including Mtb . 7, 8 Apoptosis is an innate defense function of macrophages against Mycobacterium tuberculosis Two different forms of death are commonly observed when Mycobacterium tuberculosis ( Mtb )-infected macrophages die: (i) necrosis, a death modality defined by cell lysis and (ii) apoptosis, a form of death that maintains an intact plasma membrane. Necrosis is a mechanism used by bacteria to exit the macrophage, evade host defenses, and spread. In contrast, apoptosis of infected macrophages is associated with diminished pathogen viability. Apoptosis occurs when tumor necrosis factor activates the extrinsic death domain pathway, leading to caspase-8 activation. In addition, mitochondrial outer membrane permeabilization leading to activation of the intrinsic apoptotic pathway is required. Both pathways lead to caspase-3 activation, which results in apoptosis. We have recently demonstrated that during mycobacterial infection, cell death is regulated by the eicosanoids, prostaglandin E 2 (proapoptotic) and lipoxin (LX)A 4 (pronecrotic). Although PGE 2 protects against necrosis, virulent Mtb induces LXA 4 and inhibits PGE 2 production. Under such conditions, mitochondrial inner membrane damage leads to macrophage necrosis. Thus, virulent Mtb subverts eicosanoid regulation of cell death to foil innate defense mechanisms of the macrophage.
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In addition, CD95L binding to CD95 expressed by Mtb -infected macrophages induces apoptosis and is accompanied by a substantial reduction in bacterial viability. 9 This suggests that T cells could target infected macrophages for apoptosis, which in addition to the elaboration of cytokines, may be an important mechanism for restricting Mtb infection. The discovery that many attenuated strains of Mycobacteria induce more apoptosis than their virulent counterparts has led to the idea that virulent Mycobacteria inhibit either the induction or the completion of macrophage apoptosis. Indeed, there exists a reciprocal relationship between virulence and apoptosis. As such, Mtb infection predominantly results in necrosis, whereas attenuated mutants including BCG (Bacille Calmette-Guerin) and H37Ra primarily induce apoptosis. At present, investigators are identifying single gene mutations in Mtb that shift the balance from necrosis to apoptosis. 10, 11 Although it is not yet clear whether virulent Mtb blocks the induction of apoptosis or inhibits its downstream events, it can now be clearly argued that Mtb evades host defenses by inducing necrosis, a form of cell death that allows bacteria to exit from macrophages and disseminate.
Recent studies have evaluated whether differences in the fate of infected cells alter the outcome of infection using whole animal models. It is clear that proapoptotic mutants of Mtb prime a greater T-cell response and enhance host control of infection. 10 This has generated considerable interest in whether proapoptotic mutants of Mtb could be used as a vaccine strategy. For example, vaccination with attenuated BCG or Mtb that induces greater macrophage apoptosis, or with apoptotic bodies purified from BCG-infected macrophages, 12 may stimulate a quantitatively better T-cell response. There is also evidence that dendritic cells acquire antigens from infected apoptotic macrophages. Such dendritic cells can then prime naive T cells through a process known as cross-priming, which may stimulate different T-cell subsets, such as CD8 + T cells, more efficiently. 7, 10, 12 Just as bacterial factors can affect death modality, host factors also affect whether a cell undergoes apoptosis or necrosis, even following infection with virulent Mtb . In particular, eicosanoids seem to be critical regulators of apoptosis following Mtb infection. 7, 8, 13 These studies have provided important evidence that during pulmonary Mtb infection, apoptosis of infected macrophages leads to innate control of early bacterial growth and acts as a reservoir of antigen that facilitates initiation of acquired T-cell immunity through cross-priming by dendritic cells.
Although cell death is a tightly regulated process, the hostpathogen interaction adds several layers of complexity. The manner by which the death modality of infected cells affects the outcome of infection, particularly during different clinical states in individuals (e.g., latent vs. active tuberculosis), remains a pertinent question. In this study, other investigators working on the genetics of susceptibility to Mtb provide an important perspective. Gene expression profiling finds that several genes related to apoptosis are less expressed in active tuberculosis patients than in latently infected individuals, suggesting that decreased apoptotic activity is associated with the reactivation of latent infection. 14 Using a more targeted approach, Abebe et al. found that patients with active tuberculosis in Ethiopia had elevated expression of genes associated with the extrinsic apoptosis pathway, including tumor necrosis factor (TNF), Fas, FasL, and caspase-8. However, expression of FLIP, an intrinsic inhibitor of caspase-8, was also significantly elevated. 15 Although the upregulation of TNF, Fas / FasL, and caspase-8 may be the signature of an immune response capable of inducing apoptosis in infected cells, the authors propose a model in TUNEL DAPI Merge Mtb Figure 1 Apoptotic cell death following Mtb infection. CD11b + thioglycolate-elicited peritoneal mouse macrophages were infected at an MOI of 10:1 with mCherry-expressing H37Rv. Cells were fixed, permeabilized, and TUNEL stained according to the In situ Cell Death Detection Kit (Roche, Mannheim, Germany) 2 days later. Coverslips were mounted on slides using ProLong Gold with DAPI (Invitrogen, Carlsbad, CA) to label nuclei. Macrophages containing intracellular bacteria were identifi ed by wide-field microscopy using a Nikon Microscope (Nikon, Tokyo, Japan) at × 40 magnification and then the nuclear staining assessed. Both TUNEL-negative (top row) and TUNEL-positive (bottom row) infected cells are found. DAPI, 4 Ј ,6-diamidino-2-phenylindole; MOI, multiplicity of infection; Mtb , Mycobacterium tuberculosis ; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.
which Mtb inhibits the extrinsic apoptosis pathway by upregulating FLIP to evade an apoptotic death. Finally, the eicosanoid biosynthetic pathways, which regulate the death modality of infected human and murine macrophages, have now been identified as important genetic loci that regulate susceptibility to tuberculosis and leprosy in individuals. 16, 17 Although genetic and functional data require greater scrutiny and functional correlation, they independently provide scientific motivation to better understand how cell death is regulated in Mtb -infected macrophages.
WHAT CELLULAR EVENTS LEAD TO MACROPHAGE APOPTOSIS?
Apoptosis can be initiated by several mechanisms; however, it is defined on the basis of a number of morphological and molecular criteria. The hallmarks of apoptosis include the segmentation of DNA, 18 exposure of phosphatidylserine on the outer leaflet of the plasma membrane, and finally, deposition of cellular components into membrane-bound blebs. 19, 20 During apoptosis, the dying cell produces " find-me " and " eat-me " signals that aid its rapid clearance by phagocytes through efferocytosis. 21 Similarly, a detailed analysis of " necrosis " reveals it to be heterogeneous, and certain subtypes that have unique cellular and molecular mechanisms and triggers can be defined. For instance, pyroptosis or necroptosis can be considered forms of necrosis that are dependent on caspase-1 and RIP-1 (receptor-interacting protein-1), respectively. 22 -24 Given the finality of death, it is not surprising that the molecular pathways leading to apoptotic or necrotic death are highly regulated.
As discussed above, apoptosis acts as a host defense mechanism of last resort. By sequestering pathogens within apoptotic cells, a reduction in bacterial viability is achieved. Furthermore, apoptotic macrophages provide an important source of bacterial antigens that can stimulate Mtb -specific T-cell immunity. 12 However, there are accumulating data that suggest that virulent Mtb produces bacterial products that inhibit apoptosis and instead lead to macrophage necrosis. The presumptive subversion of the host-regulatory pathways by Mtb leads to evasion of innate macrophage defense mechanisms and to a delay in adaptive immunity. Therefore, determining the signaling pathways that regulate apoptosis during Mtb infection is critical for understanding how the pathogen evades host immunity.
Induction of apoptosis through the extrinsic pathway in Mtb -infected macrophages
The induction of apoptosis by attenuated Mtb in human monocyte-derived macrophages, which is mediated by the executioner caspases-3 and -7, requires two distinct signals: a cytokine-dependent signal and a lipid-dependent signal. 25, 26 The cytokine-dependent signal, which requires protein synthesis, is represented by TNF. Indeed, the induction of apoptosis in macrophages by Mtb requires the action of TNF to activate the extrinsic death receptor-dependent pathway ( Figure 2 ). Although the mycobacterial strains H37Rv and H37Ra elicit comparable amounts of TNF, the avirulent strain H37Ra is a much more potent inducer of apoptosis than the virulent H37Rv. 27 One possible mechanism is that TNF receptor-2, which is shed by macrophages infected with virulent Mtb , inactivates soluble TNF. 28 The lipid-dependent (protein synthesis-independent) signal involves the action of group IV cytosolic phospholipase A 2 -, a cytosolic phospholipase A 2 that releases arachidonic acid (the common substrate for eicosanoids, including prostanoids and lipoxins (LXs)) from the sn-2 position of glycerophospholipids of the plasma membrane. 29 Recently, some of the early components of the extrinsic apoptotic pathway initiated by Mtb in the mouse macrophage cell line RAW264 have been identified. 30 It was found that following infection with Mtb , TNF production stimulates reactive oxygen species (ROS)-dependent activation of apoptosis signalregulating kinase (A002816), a member of the mitogenactivated protein kinase family causing FLIP s phosphorylation. Phosphorylated FLIP s interacts with the E3 ubiquitin ligase c-CYBL facilitating proteasomal FLIP s degradation involving the tyrosine kinase c-Abl. FLIP s degradation activates caspase-8, leading to caspase-3 / 7 activation and apoptosis. These findings illustrate which factors are involved in the Mtb-dependent induction of apoptosis of the host macrophage, leading to promotion of caspase-8 activation. However, in this study, the mechanisms downstream of caspase-8 activation were not analyzed, nor was the manner by which apoptosis subverted by virulent Mtb to induce necrosis considered.
The intrinsic pathway: the role of the mitochondria in the induction of apoptosis and necrosis
Induction of apoptosis in vertebrate cells most commonly proceeds through the intrinsic apoptotic pathway, which is functionally defined by mitochondrial outer membrane permeabilization (MOMP). 31 MOMP is a central event that can lead to apoptosis as it results in the release of cytochrome c , Smac-DIABLO, apoptosis inducing factor, and other factors from the mitochondrial intermembrane space and ultimately results in the activation of caspase-3 / 7 ( Figure 2 ). Although these events can occur independently of any other changes in the mitochondria, they can also be associated with the opening of the mitochondrial inner membrane pore (permeability transition pore), which leads to mitochondrial permeability transition (MPT), loss of the mitochondrial intermembrane potential ( m ), and leads to necrosis. Mtb infection, whether virulent or avirulent, induces such changes in the mitochondrial membranes. As such, these changes are the key events that influence the death modality of infected macrophages. The different combinations of MOMP and MPT in model experimental systems, and their effect on cellular outcome are reviewed below. Changes in MOMP and MPT induced by virulent and avirulent Mtb infection will then be discussed in the context of these scenarios. Table 1 and Figure 3 summarize the different combinations of MOMP and MPT that are likely to occur.
In scenario I, MPT causes the mitochondria to become leaky to water, which results in swelling, dysfunction, and eventually to necrosis. 31 Irreversible MPT can lead to outer mitochondrial membrane damage, which manifests itself as MOMP, here REVIEW a by-product of MPT. This scenario emerges when hepatocytes under oxidative stress, or due to other toxic treatments, undergo both necrosis and apoptosis. 32 However, as shown in scenario II, MOMP and apoptosis can occur independently of MPT. This is the case when MOMP is induced by members of the Bcl-2 family of apoptosis-inducing proteins, which do not affect the mitochondrial inner membrane. 33 In particular, processing of the Bcl-2-only protein BID leads to activation of the proapoptotic Bcl-2 family proteins BAX and BAK, causing MOMP and translocation of proapoptotic factors including cytochrome c into the cytosol, activation of caspase-9, and eventually that of caspase-3. This process neither induces nor requires MPT. 34 As depicted in scenario III, effector molecules damage the mitochondrial inner membrane and gain access to the mitochondrial intermembrane space if the mitochondrial outer membrane is permeable. This can be the mechanism by which Ndufs1, a component of the electron transport chain, is damaged by caspase-3. 35 Damage of Ndufs1 disrupts the electron transport chain in the inner membrane, leading to ROS formation and necrosis. Caspase-3 is believed to enter the mitochondrial intermembrane space through pores generated in the mitochondrial outer membrane, which allow proapoptotic factors including cytochrome c to escape into the cytosol. 34 Finally, MPT can also occur independently of MOMP (scenario IV). This is believed to be the manner by which granzyme A damages the components of the mitochondrial inner membrane. 36 Hsp70 and Hsp90 are candidate molecules that serve as cytosolic chaperones for granzyme A and allow the protease to enter the mitochondrial intermembrane space without damaging the mitochondrial outer membrane leading to cleavage of Ndufs3, the 30-kDa subunit of mitochondrial complex 1. 36 
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Mitochondrial cellular death pathways in Mtb -infected macrophages
In macrophages infected with attenuated Mtb , apoptosis is associated with MOMP, yet MPT is not induced, as described in scenario II ( Table 1 ) . 34 Inhibition of MOMP diminishes only apoptosis, but does not affect MPT. 4 Silencing of the gene for the proapoptotic Bcl-2 protein BAX, which is required for the release of cytochrome c and apoptosis inducing factor from the mitochondrial intermembrane space, abrogates Mtb -induced apoptosis, but does not affect MPT or necrosis. 4 In contrast, virulent Mtb induces both MOMP and MPT, leading to irreversible mitochondrial swelling and necrosis. 4 MPT can be inhibited by CsA (which binds to cyclophilin D in the mitochondrial inner membrane), has a requirement for mitochondrial Ca + + loading, and is independent of Bcl-2 family member-induced apoptosis. 37 Inhibition of MPT, downregulates only necrosis, but does not affect the degree of MOMP or apoptosis. 38, 39 It is not clear at present whether in Mtb -infected macrophages, MPT is dependent on the opening of pores in the mitochondrial outer membrane (MOMP -scenario III) or whether toxic molecular species enter the mitochondrial intermembrane space through chaperones (see the study by Martinvalet et al. 36 
-scenario IV). The different mechanisms induced by virulent and avirulent Mtb indicate that in
Mtb -infected macrophages, MOMP and MPT are independent phenomena; virulent Mtb is unique in its induction of MPT that leads to the destruction of the mitochondrial outer membrane causing secondary cytochrome c release (see scenario I, also Figure 3 ). 4 In summary, induction of apoptosis or necrosis in Mtb -infected macrophages depends on highly specific mechanisms leading to different types of mitochondrial membrane perturbation. Attenuated and virulent Mtb alike cause transient MOMP characterized by cytochrome c release from the mitochondrial intermembrane space, which requires BAX. In contrast, only virulent H37Rv causes MPT.
The apoptotic envelope of the macrophage: a candidate structure for the containment of microorganisms
As the plasma membranes of apoptotic cells remain intact, apoptotic cells contain intracellular Mtb and reduce their viability. One mechanism that sequesters Mtb within apoptotic cells and stabilizes the dying cell ' s plasma membrane is formation of the " apoptotic envelope, " a high M r , cross-linked polymeric cell-surface protein layer. 40 This process, which is initiated following infection of macrophages by avirulent Mtb strains, commences with exposure of phosphatidylserine on the cell surface. Deposition of the phospholipid-binding protein annexin-1 on the cell-surface phosphatidylserine then follows. The cell surface-bound annexin-1 is cross-linked through its amino-terminal domain by transglutaminases, resulting in a high M r annexin-1 polymer mesh encasing the dying cell. In contrast, on macrophages infected with virulent H37Rv, the amino-terminal domain of annexin-1 is proteolytically cleaved before cross-linking, which impairs formation of the apoptotic envelope, and makes the cell susceptible to necrosis. This subversive strategy of inhibiting the formation of the apoptotic envelope, which has been observed so far only in infection of macrophages with Mtb constitutes an additional mechanism by which virulent Mtb prevents apoptosis and instead induces necrosis of infected macrophages.
HOW IS PROGRAMMED MACROPHAGE DEATH REGULATED? ROS-dependent apoptosis in Mtb infection
ROS operate within cells as signaling molecules. 41 The purified protein derivative from Mtb induces Toll-like receptor-2-dependent ROS production. 42 In Mtb -infected macrophages, ROS induces proinflammatory responses through activation of the apoptosis signal-regulating kinase, which is a member of the MAPKKK (mitogen-activated protein kinase kinase kinase (MAP3K)) family that activates both the Jun N-terminal kinase and the p38 pathways. 43, 44 Phagosomal ROS, which is generated after Mtb infection by the action of NOX2, is required for increased TNF synthesis, which is indispensable for the induction of apoptosis and anti-mycobacterial defenses. 45 Accordingly, pathogens have developed strategies to counteract NOX2 function and suppress generation of phagosomal ROS. The nuo G gene encodes the NuoG subunit of the type I NADH (nicotinamide adenine dinucleotide)-dehydrogenase of Mtb. Deletion of this gene leads to elevated ROS levels and apoptosis following infection of primary macrophages. 11 Similarly, deletion of the sec A2 gene, which encodes a protein required for the secretion of superoxide dismutase A, results in enhanced ROS production, apoptosis, and loss of virulence. 10 Superoxide Four different scenarios of inner or outer mitochondrial membrane damage lead to mitochondrion dysfunction (see Table 1 ). Opening of the permeability transition pore in the inner mitochondrial membrane (IM), leads to MPT, and can occur in isolation (IV) or can increase outer membrane (OM) permeability (MOMP), leading to leaking of cytochrome c (I). In addition, MOMP leading to cytochrome c release into the cytosol can occur independently of MPT (II). Finally, under certain conditions, OM permeability might allow entry of activated caspase-3 into the mitochondrial intermembrane space, which can lead to damage of the IM and result in MPT. Casp3; caspase-3; cyt c , cytochrome c ; IM, inner mitochondrial membrane; MOMP, mitochondrial outer membrane permeability; OM, outer mitochondrial membrane.
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dismutase A breaks down superoxide leading to diminished ROS generation, which is a mechanism that Mtb uses to prevent apoptosis. Although plasma membrane-associated ROS production might contribute to TNF-induced necrosis under certain circumstances, 46 phagosomal ROS production is clearly associated with TNF-dependent apoptosis. 11, 45 In contrast, it was shown in the early 1990s that mitochondrial ROS production leads to a TNFdependent necrotic response. 47 Recent data demonstrating that RIP-3 regulates downstream mitochondrial ROS generation during necrosis confirm these early findings. 48 The manner by which ROS produced by the plasma membrane, phagolysosome, or mitochondrion, is differentially regulated and contributes to the death modality of the Mtb -infected cell is not clearly understood.
Role of eicosanoids in mitochondrial protection
Arachidonic acid is the precursor of a group of common lipid mediators referred to as eicosanoids, which include prostanoids and LXs. Arachidonic acid, which is generated by the action of phospholipases on cell membrane phospholipids 29 is involved in the induction of apoptosis in various cell types. 49 The importance of this potential mechanism to induce cell death in vivo is not clear.
Recent work has focused on the role of the eicosanoid prostaglandin (PG)E 2 and LXs in the regulation of programmed cell death in Mtb -infected macrophages ( Figure 4 ). PGs are synthesized by the action of the cyclooxygenases (COX), namely COX1 and COX2, which process arachidonic acid into PGH. 50 Specific synthases act on PGH to produce various prostanoid species, which include PGD 2 , PGE 2 , PGF 2 , PGI 2 , and thromboxane. PGE 2 is a well-known PG, the biological activity of which is largely defined by interaction with its four specific receptors EP1, EP2, EP3, and EP4. Of special interest here is EP2, which is involved in inflammatory responses, and EP4, which promotes Th1 differentiation and Th17 expansion. 51 Both receptors upregu late intracellular cyclic adenosine monophosphate levels and are involved in inflammatory responses, 52 but EP2 signaling is mediated by protein kinase A, 53 whereas EP4 signals primarily through a phosphoinositide 3-kinase-dependent pathway. 54 PGE 2 production is known to occur in lipid bodies, which are formed intracellularly after infection of murine macrophages with BCG. 55 Other avirulent Mtb strains such as H37Ra induce PGE 2 production, which protects the infected macrophage against necrosis. When PGE 2 engages the macrophage EP2 receptor, it initiates protection of the mitochondria from bacteria-induced damage. Add-back experiments have shown that PGE 2 prevents the macrophage mitochondria from damage in PGES − / − murine macrophage infected with Mtb , indicating that PGE 2 is the active protective component. 4 In contrast, engagement of EP4 stimulates plasma membrane repair mediated by the recruitment of lysosomal membranes to the cell surface of infected macrophages (see below). 7 Plasma membrane repair is inhibited by virulent Mtb infection, which is another mechanism that contributes to the necrotic fate of infected macrophages.
Although H37Ra stimulates PGE 2 , virulent Mtb induces the production of LXA 4 by macrophages. 8 LXA 4 is an important factor involved in the resolution of inflammation 56 and stimulates phagocytosis of apoptotic neutrophils by macrophages. 57 By inhibiting COX2 expression and the generation of PGE 2 , LXA 4 renders the infected macrophage more prone to necrosis. 56 Pronecrotic functions of LXA 4 also include inhibition of apoptosis induced by lipopolysaccharide / interferon-, inhibition of the release of proapoptotic mediators from the mitochondria, and inhibition of caspase activation and synthesis of ROS. 58 These additional data establish LXA 4 as an important mediator of necrosis. Our studies identify the fate of the macrophage following Mtb infection as an essential component of the immune response against the pathogen. To our knowledge, this is the first example of pathways involved in the resolution of inflammation that are subverted by a pathogen to thwart innate immune defenses. It is noteworthy that diverse cellular pathways that are dependent on the function of PGE 2 all have in common that they promote apoptosis and prevent necrosis of the host macrophage after Mtb infection. These pathways include the synthesis of COX2, the inducible PGH synthase involved in PGE 2 production, the synthesis of plasminogen activator inhibitor type 2 (serpin B2), a serpin protease inhibitor that blocks truncation of annexin-1 on the macrophage surface protecting against necrosis, 40 induction of synaptotagmin-7 (Syt-7) transcription, the essential lysosomal Ca + + sensor required for fusion of the plasma membrane with lysosomal vesicles necessary for induction of apoptosis, 7 and protection of the mitochondrial inner membrane from irreversible damage by MPT caused by virulent Mtb strains. 8 Thus, a diverse set of mechanisms all leading to apoptosis are dependent on PGE 2 , and the balance between PGE 2 and LXA 4 determines the relative proportion of cells undergoing apoptosis or necrosis ( Figure 4b ).
Virulent Mtb inhibits plasma membrane repair
Early secreted antigen 6 kilodaltons (ESAT-6) secretion system-1 is a specialized type VII secretion system that is required by Mtb for the secretion of certain virulence factors, including the immunodominant antigens ESAT6 and CFP10. Although known to contribute to bacterial virulence, why ESAT-6 secretion system-1 is required for bacterial survival in the host is unknown. Some data indicate that ESAT6 damages host cell membranes. 59, 60 We hypothesized that disruption of the plasma membrane by Mtb is one mechanism that induces necrosis of the macrophage. Membrane lesions are rapidly repaired by a highly conserved mechanism that depends on exocytosis of endomembranes derived from lysosomes and Golgi apparatus. 7 As exocytosis of lysosomes depends on the function of the calcium sensor Syt-7, we considered whether Syt-7 is required for exocytosis of lysosomes and repair of plasma membrane lesions in macrophages infected with Mtb . Indeed, plasma membrane microdisruptions generated by the avirulent strain H37Ra are rapidly resealed by recruitment of lysosomes and Golgi-derived vesicles to the plasma membrane of the infected macrophage. 7 Whereas Syt-7 is the principle calcium sensor of the lysosome, exocytosis of Golgi-derived vesicles is dependent on the calcium sensor NCS-1 (neuronal calcium sensor-1) and can be blocked by brefeldin A. Exocytosis of both lysosomal and Golgi-derived vesicles is independently required for the induction of apoptosis as either block of lysosome recruitment by Syt-7 gene silencing or block of Golgi-vesicle recruitment by brefeldin A causes necrosis of infected cells. 8 Importantly, plasma membrane repair by lysosomal exocytosis is dependent on the production of PGE 2 , which induces Syt-7 transcription. In contrast to infection with attenuated H37Ra, virulent H37Rv downregulates lysosomal and Golgi-vesicledependent plasma membrane repair. Thus, inhibition of plasma membrane repair by virulent Mtb is based on its capacity to block PGE 2 synthesis and constitutes an efficient mechanism to induce necrosis, and to enable the bacilli to spread into new cells.
CONCLUSIONS
The finding that macrophages infected with virulent Mtb undergo necrosis, whereas those infected with attenuated mutant strains of Mtb undergo apoptosis, suggests that wildtype Mtb actively inhibits apoptosis. This forms the foundation for the concept that apoptosis is an innate macrophage defense mechanism, a concept supported by the finding that apoptosis reduces the viability of Mtb and provides an important link to the establishment of T-cell immunity. Investigation of the interaction between Mtb and macrophages finds that three distinct mechanisms contribute to macrophage necrosis. First, Mtb inhibits plasma membrane repair. Second, virulent Mtb causes inner mitochondrial membrane damage. Third, virulent Mtb inhibits cross-linking of annexin-1, which impairs formation of the apoptotic envelope. These three effects predispose the infected macrophage to necrosis. In part, these events occur because virulent Mtb inhibits the production of PGE 2 , a PG that is important for stimulation of membrane repair and protection of the mitochondrion. The manner by which virulent Mtb subverts eicosanoid biosynthesis to alter the death modality of macrophages to foil innate immunity is an important area for future investigation. Given our capacity to manipulate these pathways, a better understanding of how their regulation is altered by Mycobacteria may lead to novel ways to intervene therapeutically. Our capacity to develop immunomodulatory strategies based on these pathways to enhance vaccine efficacy may be just as promising.
